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Physics

ÅLΩƳ ƴƻǘ ǘǊȅƛƴƎ ǘƻ άǘŜŀŎƘ ǇƘȅǎƛŎǎέ ƛƴ ǘƘƛǎ ǘŀƭƪΦ

ÅYou have many great professors who will do that.

ÅLΩƳ Ƨǳǎǘ ǘǊȅƛƴƎ ǘƻ ŎƻƴǾƛƴŎŜ ȅƻǳ ǘƘŀǘ ǇƘȅǎƛŎǎ ƛǎ 
interesting.

ÅLŦ ȅƻǳ ƘŀǾŜ ŀ ǉǳŜǎǘƛƻƴΣ άǊŀƛǎŜ ȅƻǳǊ ƘŀƴŘέ ƻǊ ǳǎŜ 
ǘƘŜ άŎƘŀǘέΦ

Å5ƻƴΩǘ ǿŀƛǘ ǳƴǘƛƭ ǘƘŜ ŜƴŘ ƻŦ ǘƘŜ ǘŀƭƪΗ

ÅWlodekwill tell me when there is a question.
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Matter Particles circa 1930s

Particle Mass (MeV) Charge Force Size Spin (h)

Proton
p

938.3 + S,E, W, G 10-15 m 1/2

Neutron
n

939.6 0 S, W, G 10-15 m 1/2

Electron
e

0.511 - E, W, G < 10-20 m 1/2

Neutrino
˄

Ғ мл-7 0 W, G < 10-20 m 1/2
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Spin = h/2

ÅIn 1920s, two young physicists could 
understand their data if the electron was 
spinning.

ÅWrote a paper.

ÅThen the big boss came back from sabbatical.

ÅThey tried to pull the paper, but it was already 
published.

ÅThe reason the electron has spin 1/2 is so that 
ǿŜ ŎƻǳƭŘ ōŜ ƘŜǊŜ ǘƻ ŘƛǎŎƻǾŜǊ ΧΧΦ
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Gauge Symmetries circa 1970s
SM = SU(3) ×SU(2) ×U(1)

Force Carrier Spin

Strong Gluon 1

Electro-Magnetic Photon 1

Weak W 1

Gravity Graviton 2

Mass H 0
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Weak Force

ÅFree neutron decay half-life = 10 minutes.
ÅIf earth to sun filled with Pb, most neutrinos would still 

get through.
Å{ǘǊƻƴƎ bϝ Ҧ Ǉ ˉ10-22 sec
ÅElectromagnetic  ̄ Ҧ gg10-18 sec
ÅIȅŘǊƻƎŜƴ Ǉ Ŝ  Ҧ ƴ ˄
ÅWithout the weak interaction, there would be no 

energy from the sun, no elements but Big Bang H, He.
ÅThe strength of the weak force determines the lifetime 

of the sun.
Å²Ƙȅ ŘƻƴΩǘ ƴŜǳǘǊƻƴǎ ƛƴ ƴǳŎƭŜǳǎ ŘŜŎŀȅΚ
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Physics

ÅBinding energy of the deuteron = 2.2 MeV.

ÅIf neutron were 0.1% heavier, deuterionwould 
be radioactive!

ÅIf proton were heavier than the neutron, 
hydrogen would be radioactive!

ÅPhysics is exactly what it has to be in order for 
us to be here to discover the laws of physics.
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Quantum Mechanics

ÅDeveloped 1910 ς1950 by:

ÅNiels Bohr ςά!ƴȅƻƴŜ ǿƘƻ ǘƘƛƴƪǎ ǘƘŜȅ 
understand QM, and is not deeply disturbed 
ōȅ ƛǘΣ ŘƻŜǎƴΩǘ ǳƴŘŜǊǎǘŀƴŘ vaΦέ

ÅAlbert Einstein ςάDƻŘ ŘƻŜǎƴΩǘ Ǉƭŀȅ ŘƛŎŜΦέ

ÅErwin Schrödinger ςάL ǿƛǎƘ L ƴŜǾŜǊ ŘƛǎŎƻǾŜǊŜŘ 
ǘƘŜǎŜ ŘŀƳƴ ǿŀǾŜ ŦǳƴŎǘƛƻƴǎΦέ

ÅI love QM! It is not trivial!
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Quantum Mechanics

ÅElectron is described by Schrödinger 
wavefunction: ɰ

ÅQM: Rotate by an angle —: ɰ Ὡ ɰ
ÃÏÓὛ— ὭÓÉÎὛ— ɰ

Å— σφπЈ, ɰ ÃÏÓς“Ὓɰ

ÅSpin-ǎǘŀǘƛǎǘƛŎǎ ǎȅƳƳŜǘǊȅΣ /ƘŜƳƛǎǘǊȅΣ ΧΦ

ÅSpin ½ are matter particles!

ÅSpin 0, 1, 2 are force particles!

ÅVery simple, but profound.
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Magnetic Moment

ÅParticle is spinning,
ÅParticle is charged,
ÅSpinning charge creates a magnetic field:

Å‘

ÅDirac Equation: g = 2 for a spin ½ point particle.
ÅProton: g = 5.6, finally explained by quark model.
ÅElectron: g = 2.0 
ÅOppenheimer et al. calculated the first order 

correction to 2 to be infinity.
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Spin ½ Particles
Three Generations!

Particle Mass (MeV) Particle Mass (MeV) Particle Mass (MeV)

u 312 c 1750 t 171200

d 313 s 490 b 5620

e 0.5 105 ˍ 1777

e˄ 10-8
µ˄ 10-7 ˄̱ 10-7
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More Symmetries

ÅC symmetry ςchanges particle to anti-particle.

ÅP symmetry ςchanges x to ςx.

ÅT symmetry  ςchanges t to ςt. 

ÅGood symmetries for strong, EM, gravity.

ÅDiscovered in 1950 ς60s: P, T, C are broken 
symmetries in the weak interaction.

Å²ƛǘƘƻǳǘ ǿŜŀƪ ƛƴǘŜǊŀŎǘƛƻƴΣ ǿŜ ǿƻǳƭŘƴΩǘ ōŜ 
here.
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Theory 1970s

ÅIn SM we can only get this if there are three, or 
more, ways for a given reaction to go, and get 
QM interference with the three amplitudes, with 
at least one imaginary amplitude.

ÅNeed at least three generations.

ÅIn the big bang all the non-neutrino 
particles/anti-particles should have finally 
annihilated to photons.

ÅDue to symmetry breaking, p/photon Ғ мл-9.
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a = = 0.0011

Å1948 I.I. Rabi, Conference at Shelter Island. 

ÅSchwinger et al., 

ÅQuantum Electrodynamics (QED).

ÅάwŜƴƻǊƳŀƭƛȊŀǘƛƻƴέ ƎŜǘǎ ǊƛŘ ƻŦ ǘƘŜ ƛƴŦƛƴƛǘƛŜǎΦ

ÅCƻǊ ŀƴȅ ƴŜǿ ǘƘŜƻǊȅΣ ǘƘŜ ŦƛǊǎǘ ǉǳŜǎǘƛƻƴΥ άLǎ ƛǘ 
ǊŜƴƻǊƳŀƭƛȊŀōƭŜέΦ
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QED Renormalization

Å Renormalizationis a collection of techniques inquantum field 
theory, thestatistical mechanicsof fields, and the theory ofself-
similargeometric structures, that are used to treatinfinitiesarising 
in calculated quantities by altering values of these quantities to 
compensate for effects of theirself-interactions. 

Å For example, anelectrontheory may begin by postulating an 
electron with an initial mass and charge. Inquantum field theorya 
cloud ofvirtual particles, such asphotons, positrons, and others 
surrounds and interacts with the initial electron. Accounting for the 
interactions of the surrounding particles (e.g. collisions at different 
energies) shows that the electron-system behaves as if it had a 
different mass and charge than initially postulated. 
Renormalization, in this example, mathematically replaces the 
initially postulated mass and charge of an electron with the 
experimentally observed mass and charge. 
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Quantum Mechanics

ÅAnomalous magnetic moment is due to QM.

ÅThe energy of the vacuum classically is zero.

ÅQM: dEx dt = h

ÅThe problem with zero is that it has no 
uncertainty.
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Quantum Electrodynamics
Not Boring!
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What about 
9ƛƴǎǘŜƛƴΩǎ 
General
Theory

Relativity
dEx dt = h
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EinsteinsΩ /ƻǎƳƻƭƻƎƛŎŀƭ /ƻƴǎǘŀƴǘ

ÅGR has cosmological constant.

ÅEinstein at first had static universe.

ÅChose value of ɤto stop the universe from 
collapsing.

ÅThen Hubble et al. found that the universe 
was expanding!

ÅNo need for cosmological constant.

Å9ƛƴǎǘŜƛƴΥ ά.ƛƎƎŜǎǘ ōƭǳƴŘŜǊ ƻŦ Ƴȅ ƭƛŦŜέΦ
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ά5ŀǊƪ 9ƴŜǊƎȅέ

ÅTheorists calculated QM of the vacuum in 
1960s: ɤ ρπ .

ÅSteve Weinberg: need ɤ< 2 for us to exist.

Åά5ŀǊƪ ŜƴŜǊƎȅέ ŘƛǎŎƻǾŜǊŜŘ ƛƴ мффлǎΥ ɤ= 0.7.

Åaka cosmological constant.

Åά²ƻǊǎǘ ǘƘŜƻǊŜǘƛŎŀƭ ŜƳōŀǊǊŀǎǎƳŜƴǘ ƛƴ ǘƘŜ 
ƘƛǎǘƻǊȅ ƻŦ ǇƘȅǎƛŎǎέ ςEd Witten.

Å! ƴŜǿ ǎȅƳƳŜǘǊȅ ǿƻǳƭŘ ǊŜŘǳŎŜ ƛǘΣ ΧΦ
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Quantum Mechanics

ÅAll particles exist in the vacuum.

ÅAll particles contribute to the anomalous 
magnetic moment.

ÅAre there new particles beyond the SM?

ÅAre there new symmetries?

ÅE821 measure anomalous magnetic moment 
to 0.5 parts per million (ppm).

ÅTheorists: calculate to 0.5ppm. Compare.
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BNL E821 Experiment

ÅAccelerate protons through ςτbillion voltsȢ
ÅElectrical outlet = 110ὠ.
ÅEnergy = ςτbillion ὩὠὋὩὠȢ
ÅProtons hit target. 
ÅὉ άὧ
ÅConvert energy into mass
Åὖ ὖᴼmuons, anti-muons, electrons, anti-
ŜƭŜŎǘǊƻƴǎΣ ΧΦΦ      aƛƴƛ-big bang.
ÅMuon ά πȢρπυὋὩὠ.
ÅBeamline selects particles.
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Spin Precession

spinning top                ‘magnetic moment

G                 B
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Storage Ring Magnet at BNL
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‘ᴼὩὺӶὺ

ÅWeak decay.

ÅThe high energy positrons go preferentially in 
the direction of the muon spin.

ÅJust measure the high energy positrons.
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High Energy Positrons vs. Decay Time
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BNL E821
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What is σ„ȩ

ÅProbability Ὡ

ÅToss a coin 100 times.

ÅHow many heads? Ӷὼ υπȢ

Å„ υπ
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Probability Ὡ
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FNAL

ÅFNAL is a National Lab,

Å1 hour west of Chicago, IL.

Å¢ƘŜȅ ǿŜǊŜ ƻƴ ǘƘŜ άŜƴŜǊƎȅ ŦǊƻƴǘƛŜǊέΦ

ÅCenter of mass energy 2 TeV.

ÅCERN in Geneva, Switzerland, LHC 13 TeV.

ÅFNAL went from the energy frontier to the 
intensity frontier.

Åςπ more muons. Move the magnet to FNAL.
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Move from BNL to FNAL
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Smith Point Marina
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Around FL, and up Miss. River
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